Introduction
Among the different kinds of sensors developed to improve vehicle safety and autonomy, radar appears to be a solution of choice because of its all-weather operating capability [1] . In addition, radar systems are easy to integrate on a car as they can be installed behind the bumpers [2] . With new Euro-NCAP procedures now requiring automated braking and pedestrian safety functionality, modern Advance Driver Assistance Systems (ADAS) need to give precise and reliable environment information. The common scheme to achieve such a collision detection system is performed in two steps. First, the radar provides a high resolution range, speed and Direction of Arrival (DoA) map and then a detection step is performed to alert the driver of any possible collision. This last decision step is not an easy task because of the complicated environment surrounding the vehicle. In this paper, we propose to adapt a collision detection procedure developed for airborne radar in [3] to the specific case of automotive sensing and we propose an optimal processing architecture. This detector exploits a long integration time to improve the speed vector estimation. Hence, as it is done in Synthetic Aperture Radar (SAR), and using a second order expansion of the received signal phase, one can both estimate the radial and orthogonal, i.e. tangent, velocity vector components [3] . It is then possible to discriminate dangerous targets from the others. Indeed, all collision targets have a null orthogonal velocity component, with respect to the radar as opposite to non-dangerous targets whose orthogonal velocity is linked to their radial speed and angular position. A matched detector can be developed in order to detect only collision targets while rejecting the main part of the clutter, i.e. the one having a non-null orthogonal velocity component. This procedure allows fusing all the processing steps into a single one but above all, only 2 requires a single antenna as opposite to most advanced systems requiring an antenna array to estimate the DoA. This direct collision target detection procedure can then allow developing low-cost ADAS systems. This paper is organized as follows. Section 2 introduces the data model used to define the collision and interference subspaces. Then, in section 3, the detector is developed and simulation results are presented in section 4. Section 5 describes theoretical performances and finally, a possible processing architecture is given in section 6.
Data Model
An automotive radar system moving at constant velocity c v is considered, as shown on Fig. 1 .
A possible collision target at range 0 d with constant velocity t v is heading toward the car up to an impact point. Other static targets are also present at the same range 0 d . For a target located at a sufficiently large distance from the radar, the target-radar distance may be approximated using a second order Taylor series expansion as [3] : (1) where 0 d is the initial position of the target, r v and r a are respectively the relative radial velocity and acceleration, and ⊥ v is the orthogonal velocity of the target. In this paper, we only consider constant radial velocities, i.e. 0 = 
The radar considered here periodically emits and receives signal, with a Pulse Repeat Interval (PRI) r T , whose focusing in distance leads to a mapping of the scene reflectivity with a given range resolution δd . Assuming a sufficiently large range resolution value or a priori compensation of range cell migrations, the range focused response of a moving target contained within a range resolution cell may be written, using the phase model expressed in (1) and for an arbitrary pulse occurrence m as: 
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, the term 2 a can be exploited to estimate the target orthogonal velocity ⊥ v . Given this model, two different subspaces may be constructed based on the speed characteristics stated before.
-The Collision Target Subspace: As seen before, a collision target is characterized by a null orthogonal speed component, i.e., 0 2 = a . As a consequence, after range processing, the signal sampled over M PRIs, within a given resolution cell, and originating from a potential collision target can be written as follows:
where 1 a and α are unknown, and
is the target Doppler phase evolution, that is a pure tone (without second order phase rotation).
-The Static Target Subspace: As stated previously, static targets have radial and orthogonal velocity components that depend on the radar velocity and on their angular position. Hence, the clutter presents in a range cell located at a distance 0 d from the radar may be represented by a sum of components having random complex responses and following a given phase model:
where ∈ β ℂ The angular position at which is observed a scatterer belongs to a domain whose limits are fixed by the scattering pattern of the radar antenna, i.e. 
Matched Detector
A classical way to state the collision target detection problem is based on the following binary hypothesis test [4] : (5) whose Maximum Likelihood leads to the so called matched detector, when the noise term b is assumed to follow a Gaussian distribution and to be white in time, with a known power:
where
is the projection matrix onto the signal subspace and H . the conjugate transpose operator. As h is a pure tone, it is straightforward to show that this detector simply consists in the square modulus of the Fourier transform of the data. Nevertheless, the restriction of the nuisance terms to a Gaussian white noise leading to the previous matched detector may be considered as a very strong hypothesis.
To be more precise, we can decompose the interference term into a clutter part, whose response model is mentioned above, and a Gaussian white background noise n . Moreover, as seen before, the Doppler signature of the clutter is significantly different from that of a collision target, and this difference may be used to further discriminate these types of contribution, leading to a modified binary hypothesis test [5] :
However, even if the Doppler signatures of the clutter and target subspaces are different, they overlap in the front region of the radar, as the orthogonal speed of the clutter tends to zero. In other words, in front of the radar, the clutter becomes a collision target too. To prevent a possible ambiguity, we limit the clutter subspace to the side-regions from the radar. Hence, the column of S are constructed from angular positions p 
The minimum blanking angle value f θ is chosen so that the quadratic phase term in (8) equals π 2 . For such a value, it is expected that the two signatures may be separable (by a correlation processing, for instance). The minimum angle needed to dissociate the two subspaces is then defined as: It can be noticed that this minimum angle is inversely proportional to the square of the synthetic antenna size, and also depends on range. Fig. 2 shows the evolution of this minimum angle as a function of the target range for different synthetic antenna sizes and for a radar operating at GHz 77 . Obviously, the longer the antenna size, the better the subspace separation with a price to be paid for this improvement represented by a longer detection duration and possibly incompatible with the safety and braking requirements. Nevertheless, from Fig. 2 , we can see that m D 2 = offers a good compromise, as it corresponds to a displacement of half a standard car length (or a signal duration of ms 144 for h km v c / 50 = ) which seems to be compatible with warning alerts, while limiting the minimum angle for separation to °10 for ranges up to m 50 . Once again, the proposed processing consists in a modified Fourier transform as both the data and the target signature have to be projected onto the subspace orthogonal to the clutter before to be correlated.
Simulation Results
The goal of this part is to exhibit the superiority of the proposed detection scheme compared to the classical Doppler based one, on a simple example. We consider a waveform with a carrier frequency of 
Theoretical Performances
This part aims at comparing the theoretical performances of the proposed detector compared to the classical Doppler-based one. To this end, we calculate the Probability of Detection ( D P ) of each detector for a given Probability of False Alarm ( FA P ), varying the Signal to Clutter plus Noise Ratio (SCNR). The two detectors having the same form, it is straightforward to show that they are chisquared distributed under each hypothesis [5] σ are respectivly the variannce due to (5) and (7),
is the processing loss due to the oblique projection. Hence for a given FA P (for example 6 10 − = FA P ) we can compute the corresponding thresholds using following relations: 7 Then the Probabilities of Detection D P can be computed. Fig. 4 shows that the D P of the proposed detector is largely better than the classical detector for all SCNR values. 
Conclusion
In this paper, we have adapted a collision target detector developed for airborne radar to the automotive domain and we proposed a processing architecture compatible with its specific requirements. This processing provides a direct detection scheme for possible collision targets while automatically rejecting the clutter. The main advantage of such a detector is that it only exploits a single antenna and could be considered as a solution of choice for low-cost ADAS systems. This processing requires a longer integration time compared with classical automotive radar but is suitable with modern processing units.
